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Introduction

Highest beam current & lowest RF RF-related accelerator parameters (K. Oide, 29.05.2024)

voltage for Z mode: Energy Current RFvoltage Energy loss/
— Basel-cell cavity design is (GeV) (mA) (GV) turn (GeV)
straightforward and optimal choice 7 456 1283 0.079 0.039

W 80 135 1 0.369
As 2-cell caviti(_es are considered H 120 6.7 7,08 1.86
for W, H, and tt (+5-cell 800 MHz £ 1825 c 11.67 994

cavities), avoiding 1-cell design
could:

« Rationalize RF resources during the development process (3 — 2 cavity types)
« Simplify the installation sequence (no cryo-module removal)
* Result in potential savings (cost, manpower, and time)



Outline

Baseline 1-cell design is compared with 2 alternative scenarios:
« 56 2-cell cavities per beam initially installed (76 added for W)
« 132 2-cell cavities remain for all modes

Aspects under consideration:

 Beam loading
« Steady-state compensation
* Instablility due to fundamental mode

* Coupled-bunch instabilities due to higher-order modes (HOM)
« Longitudinal and transverse

* Higher-order-mode power losses

 Avallability challenges
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Baseline 1-cell design is compared with 2 alternative scenarios:
« 56 2-cell cavities per beam initially installed (76 added for W)
« 132 2-cell cavities remain for all modes

Aspects under consideration:
 Beam loading
« Steady-state compensation
* |Instablility due to fundamental mode



Steady-state beam loading

RF power for SRF cavities with circulators is minimized for optimal parameters:

wrr(R/Q) Ip pcsin ¢
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Optimal detuning Awgy: = —
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Increasing (R/Q) (43.8—90.6 Ohm) and reducing V., :

Optimal quality factor

— Large range for @, ,,,; adjustment (a factor of ~75-600)
starting from ~5 x 103: possible FPC solutions under
study (S. Gorgi Zadeh and E. Montesinos, CERN SRF,
2024;

see also slides of F. Gerigk)

— Incresed detuning enhances instability due to
fundamental mode

Can the total voltage be increased for Z mode?

Optimal parameters for different scenarios
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Coupled—-bunch instabllities due to fundamental mode

Standard analysis: compute growth rates and compare them with synchrotron radiation damping time

For short Gaussian bunches, the growth rate of the mode mis (J. L. Laclare, 1985)

Cavity impedance at fundamental, Z
1 enlppcVior Wrr y1mp | ()

o TAE, 0. Vim {Re[Zer(w4)] — RelZegr(w-)]}, S 10°| Loop delay of 700 ns || IO T
N (like in LHC) — Imp.
with (A)i = WRF i (m + Qs)wrev 9.);
c
©
Direct (DFB) and long-delay feedback (OTFB) systems & 105
can reduce impedance “seen” by the beam £
(F. Pedersen, 1992) “g
Zui(@) = o) 3
e T ¥ Hop(0)Z (@) g 10°
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Coupled—-bunch instabllities due to fundamental mode

Standard analysis: compute growth rates and compare them with synchrotron radiation damping time

For short Gaussian bunches, the growth rate of the mode mis (J. L. Laclare, 1985)

1 enly pcViot WRrE Cavity impedance at fundamental, Z(w)
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Instability growth rates

Calculations for loop delay of 700 ns, DFB gain 10, OTFB gain 20

10? ;
r 1 cell 56 cav. SR limit

- . " 2cell56cav. T ooTTmTmmmmmmmmTmmTme
1004 2 cell 132 cav.
g
2 _
gt )
= ] :
8 ) °
O 10_2 3 /\

_600 —400 —200 0 200 400 600
CBI mode number

Beam parameters according to K. Oide, 29.05.2024

Stability is significantly degraded for 2-cell scenarios (up to an order of magnitude), but feedback
systems keep growth rates below the SR damping rate (a factor 4 margin for 132 2-cell cavities)



Outline

Baseline 1-cell design is compared with 2 alternative scenarios:
« 56 2-cell cavities per beam initially installed (76 added for W)
« 132 2-cell cavities remain for all modes

Aspects under consideration:

* Coupled-bunch instabilities due to higher-order modes (HOM)
« Longitudinal and transverse



HOM-driven coupled-bunch instabilities

Longitudinal plane:

* No trapped HOMs — impedance at least a factor of 10 below the threshold
even for 2-cell 132 cavities

« 2-cell cavities have 0-mode at 398.075 MHz with (R/Q) = 0.3 Ohm

Li:Le

[mm]

187
182
181
180

Only twice below SR damping limit for @, = @y, o, (Might be larger due to

limited bandwidth of circulator)
Possibility to reduce (R/Q) is under study to avoid need for additional

longitudinal feedback system 400
L =180 mm
Req f R/Qx R/Qo G Epk/ Eacc Bpk/ Eacc a; & ae 300 L =181 mm |
[mm] [MHZ] 9] [Q] 19] [-] [MT/MV/m] [degrees] L =182 mm
350.190 400.791 90.6 0.32 2347 2.0 5.33 104.4 & 109.0 £) L =187 mm
348.648 400.786 90.7 0.037 229.8 2.04 5.24 99.6 & 105.7 & 200
348.310 400.786 91.3 0.014 228.9 2.05 5.23 98.1 & 104.9 =
347.961 400.786 91.1 0.002 227.8 2.06 5.22 96.1 & 104.1 100

Courtesy of S. Gorgi Zadeh o!-— . B o
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HOM-driven coupled-bunch instabilities

Transverse plane:
10°
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1-cell 56 cavities:

- Only 30% margin due to synchrotron radiation

- A very fast transverse feedback system (TFB) is needed for resistive-wall instability
with ~3 turns growth time (see slides of M. Migliorati)

— Adapting signal processing of TFB, ~200 turn damping time gives an order of
magnitude margin also for HOM-driven instability



HOM-driven coupled-bunch instabilities

Transverse plane:
10°

E 1

— m— -Cell, 2-hook-couplers 10
g = ]-Cell, 2-hook-couplers iy

Z-128A-FB £
E L0 1020
cu £
g g
§ 1 e | 7 % N T = £
g_ Z-128A-SR 1032_
&2 3 >
210°; 42
5 1045
© =
|_

102 \ \ - - - - \
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Frequency [GHz]
2-cell 56 (132) cavities:
- 165 (70) mAis required to have the same margin as the 1-cell design
- TFB Is obligatory for stability, while the margin depends on damping speed,
~100(50)-turn damping time — a factor of 3.5

— Performance and integration of TFB should be carefully studied
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Outline

Baseline 1-cell design is compared with 2 alternative scenarios:
« 56 2-cell cavities per beam initially installed (76 added for W)
« 132 2-cell cavities remain for all modes

Aspects under consideration:

* Higher-order-mode power losses

13



Higher-order mode power

Paom = I£pe Z Re[Z(kfe)]lI|?  Inabsence of resonant modes -  Pyom = Ky nom!ps pcQb

k=—c0

Z: PHOM ~ 479 kW

2 7 KW : 3.4 kW O.ZI; kW
@ —) ¥ ‘[ Z
Z Beam g W
0.06 kW 4.5 kW

0.04 kW 4.2 kW

3.8 kW 0.06 kW

. el
2 coaxial HOM couplers

e et | o | ot | S

HOM power for 1-cell 400 MHz module
beamstrahlung bunch length:

Lo\

Tapers 2-coax couplers cavities

3.1 kW 0.08 kW

Total length= 10.6 m
2.7 kw 0.06 kW

| T : 3.2llfw L
r B P w f

s

e}

T
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HOM power for 2-cell 400 MHz module
beamstrahlung bunch length:
Pyom [KW] = 89 4+ 5 X 1.5 +4 X 6.7 = 43.2

Courtesy of S. Gorgi Zadeh

Unavoidable 12 kW increase in HOM power due to double-cell design and potentially up to 10 kW

deposited in resonance mode

— “2-coax concept’ must be experimentally demonstrated (see slides of F. Peauger)
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Outline

Baseline 1-cell design is compared with 2 alternative scenarios:
« 56 2-cell cavities per beam initially installed (76 added for W)
« 132 2-cell cavities remain for all modes

Aspects under consideration:

 Avallability challenges
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Avallability challenges

80.09% 80.13% 80.05%

75.0 1
72.5 1
70.0

67.5

FCC-ee Availability (%)

65.0 1

62.5 1

Z w H tt

Availability goals require 10% (minimum 4%) redundancy of the RF system (see slides of J. Heron)

Critical questions for Z mode:

- Cavity damage due to strong beam-induced fields

- Coupled-bunch instability due to fundamental impedance
- Missing RF voltage

Requirement 80%

B No Redundancy
B 10% Redundancy
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Beam-induced fields

Example of calculations with BLonD for 2-cell design

For 1-cell and 2-cell designs, beam- — Voltage
Induced voltage is comparable to the = 12T —— Beam A A
cavity voltage with RF ON since s 1O
optimum parameters (detuning and > 0.5
Q,) are used S 0.0
© —0.51
— No need for a fast-detuning system > 10
— Final assessment depends on S ol AAAAAAARN
transient analysis (ongoing) ' Vina = Inpc (R/Q)Q,

0.000 0.025 0.050 0.075 0.100 0.125 0.150
Time (ms)



RF power overhead

To keep the same total voltage:

- RF voltage per cavity should be increased
- Detuning and Q; can be kept constant
(<10 kW of extra power)

RF power (kW)

¥

RF power per cavity should be increased
from 0.9 to 1 MW to compensate for 10%
fewer cavities

1025

1000 -

975 1

950 1

925 1

900 1

8751

Input RF power for optimum detuning
for two scenarios (2-cell 56 cavities)

<

—— 56 cavities
- 50 cavities

—— 50 cavities old detuning

850 , , ——— ,
5000 7500 10000 12500 15000 17500 20000
Loaded quality factor

18



RF power overhead

Input RF power for optimum detuning
for two scenarios (2-cell 132 cavities)

To keep the same total voltage: 500 ,
- RF voltage per cavity should be increased . — 132 cavities
- Detuning and Q; can be kept constant 119 cavities .
460 —— 119 cavities old detuning |
(<10 kW of extra power) S i
X 440 |
‘6 |
= 420 |
RF power per cavity should be increased o 200 ;
from 0.38 to 0.43 MW to compensate for ~
10% fewer cavities 380 ,
360 - i
Similar conclusions for 132 2-cell cavities 2000 4000 6000 8000 10000

Loaded quality factor
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Impact of fundamental impedance

Instability growth rates with 10% cavities down

50

Longitudinal feedback limit

N
o

W
o

e Z 1-cell 56 cav.
e Z 2-cell 56 cav.
e Z 2-cell 132 cav.

Growth rate (s71)
N
o

SR limit

=
o

0 : : : :
—100 —-75 -50 —-25 0 25 50 75 100
CBI mode number

Coupled-bunch instability due to fundamental mode could be suppressed by a longitudinal feedback
system (main RF system as kicker) with damping time of 2T, (see, D. Teytelman, FCC week, 2019),
but RF power requirements need to be evaluated

— We are at the limit to reach 10% redundancy
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Summary

The 2-cell design seems feasible for the nominal current at Z, but several critical
aspects must be addressed:

- Need for adjustable/variable fundamental power coupler with wide range of
coupling (>2 orders of magnitude)

- Presence of 0-mode requires additional longitudinal feedback system for
stability (can potentially be avoided via design modification)

- Transverse feedback performance and integration should be carefully studied
(also needed for 1-cell design, but less demanding)

- A 40%-increase of HOM power per cryomodule is not a showstopper if the 2-
coax concept iIs demonstrated

Keeping the circulating beam with 10% fewer cavities is at the limit of stability
given by longitudinal feedback system and requires ~10% RF power margin
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Scenario

56 1-cell cav.

56 2-cell cav.

132 2-cell cav.

Beam loading
compensation

Fixed FPC coupling
with moderate Q;

Wide-range of FPC coupling

Wide-range of FPC coupling
+ extremely low Q;

CBl due to
fundamental mode

Strong RF feedback

Strong RF feedback

Strong RF feedback
Small margin (factor of 4)

Longitudinal CBI

No trapped HOMs

0-mode strong damping
and/or longitudinal feedback

0-mode strong damping
and/or longitudinal feedback

Transverse CBI

Weak TFB system is
useful

TFB system with 100-turn
damping time

TFB system with 50-turn
damping time

Higher-order-mode
power

“2-coax concept”
needs demonstration

“2-coax concept” needs
demonstration
+ 40% HOM power increase

“2-coax concept” needs
demonstration
+ 40% HOM power increase

Availability challenges

Longitudinal feedback system (main RF system as kicker) + ~10% RF power margin

Thank you for your attention!
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Backup slides



Steady-state beam loading

RF power for SRF cavities with circulators (e.q., J. Tuckmantel, 2011)

fhr)
4 QL QL,opt
wrp(R/Q) Ip pcsin ¢

Veav

1 VC%IVQL
p=—
2(R/Q)

A 2

(wo — WRF — wopt)

_|_
WRF

Optimal detuning Awyys = —

Q — cav
Lopt 2(R/Q)I}, pc cos ¢

Increasing (R/Q) (43.8—90.6 Ohm) and reducing V_,, lead:
— Large range for @, ,,,; adjustment (a factor of ~75-600)
starting from ~5 x 103: possible FPC solutions under study
(S. Gorgi Zadeh and E. Montesinos, CERN SRF, 2024;

see also slides of F. Gerigk)

— Doubled detuning enhances instability due to fundamental
mode

Can the total voltage be increased for Z mode?

Optimal quality factor

Input RF power for optimum detuning*

1.2 — Z 1-cell 56 cav. /
Z 2-cell 56 cav.
1.0 — Z 2-cell 132 cav.

W 2-cell 132 cav.
H 2-cell 264 cav.

*ttb not shown

104 10° 106 10

Loaded quality factor

7
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Baseline RF system configuration

H tt,
M aChine 28 E S N e +66 m +122 11111111111111 ﬁ_l_\_'._'.i
Booster B i +8 i +13 g +123 i

O. Brunner

| | | | | | | | | | | | | | | | >
[ [ I I [ [ [ [ [ =

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Motivation to avoid 1-cell design:

> time (operation years)

« Rationalization of RF resources during the Energy ~ Current RFvoltage

(GeV) (mA) (GV)

development process (3 - 2 cavity types)

Z 45.6 1280 0.08

« Simplification of the installation sequence (no cryo- W 30 135 1
module removal) H 120 26.7 2.08
ttb 182.5 5 11.67

« Potential savings (cost, manpower, and time)



Transient beam loading

Number of trains, »,,
AT
// II

™,

\ Gaps in machine filling will result in
PRI modulation beam parameters

Train spacing, /, 2\/ h N Dunchspacing. fy - (bunch length and phase)

Number of bunches A /

per train, M, N

— Abort gap, 1, — Might have impact on luminosity

Conventional approaches:

« Small-signal model in frequency domain*, which assumes small modulations (but we have
100% modulation of beam current!)

« Particle tracking simulations (difficult for 20000 bunches in FCC-ee Z)

— We use steady-state time domain method**

* F. Pedersen, RF Cavity feedback, CERN/PS 92-59 (1992)
**J. Tickmantel, CERN Report No. CERN-ATS-Note-2011- 002 TECH, 2011

26



Beam phase modulation

Symmetric filling scheme reduces modulation of
the beam phase

For identical rings, transients can be compensated
by matching abort gaps (e.g., in PEPII, LHC,...)

Imbalance of charge results in different detuning
for electron and positron beams

— Slightly different transients

— The collision point shift is negligible for +5 %
random spread for both 1-cell and 2-cell designs

1-cell design

2-cell design

twfrf = 6060, tpp = 25.0 ns, M, = 560,

ntr — 20, tgap = 1.2 IJS
| | b P & | | | — constant intensity
= 20 \ }\I ;‘4l 3| i"\ I“u | \l j“‘ ‘\ \! T\ —— *5 % intensity spread
| | | | | | | | | | I
Q ﬂu\.alll\\\\-\\\\~.-'xH
= | | | 1I | | | | | \ ’,
g 207 LTI
% \ | [ [} y\ | [ [ \‘1 | B\ | || \\‘ HINININL
| | | | \ \ \ \ \ \ | ol | \ | \
= 7 l‘ \ ‘K\ I‘ l] “1 l'\ ‘ i‘n \ \‘ ‘l | l‘ | )‘1\' l ‘lw
g ° ‘i‘x ||| '\ \. e ‘5 y‘ \ \ I\ t\l :\ \‘u l}\ \"n | \5\ || |
0 KL 10 O e O D ] | 1 el (] |
11 L 4 0 L \ 1 A
© _10 7] \‘ \ | i‘, L VY \ $| \‘ '\ | H \ | \ [ {] |
\ I‘ﬂ L‘ E 13 ‘ ' l}v 'Il | |\ \ )\ | | \ | | | ‘[v | \‘r" "1
207 LY EAXLRIANDY ERERE
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time (us)
60 ——
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b P L 4 o
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n 40 ~ HH | ‘\ ‘ L &L St ¢ - ty‘ I
& '| | 1\{ |~ . l“ [ 'l ‘ i N q' | \\. ‘l ‘l l“ :\ ‘. ’l
) J ] \ L [} (L[ I \ | {1 w IRINIR NN
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N ey t\' '\ | | |' “ | : \\“ |~ ‘ i“ \l | ‘l | ‘l
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No) \| | t 0\ \ \ \ { \ | \ | \ llJ \| |
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Beam phase modulation

Symmetric filling scheme reduces modulation of
the beam phase

For identical rings, transients can be compensated
by matching abort gaps (e.g., in PEPII, LHC,...)

Imbalance of charge results in different detuning
for electron and positron beams

— Slightly different transients

— The collision point shift is negligible for +5 %
random spread for both 1-cell and 2-cell designs

=
o

o
u

1-cell design
beam phase (ps)

1.0
0.5

m phase (ps)

2-cell design
ea
I

b

tiwfrs = 6060, tp,, = 25.0 ns, M, = 560,
ntr - 20, tgap - 1.2 IJS

o
o

—— difference

0 50 100 150 200 250 300
time (us)

0.0 -
—0.51
1.0
—1.51

—— difference

0 50 100 150 200 250 300
time (us)
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